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Abstract
In the context of disease association studies, haplotype frequencies are usually estimated from geno-
type data. In order to reduce genotyping costs, one can estimate the haplotype frequencies from DNA
pools. Here we present a method, HaploPool, which estimates the haplotype frequencies in a popula-
tion from a set of DNA pools of l individuals each, where l is a small number (typically two or three).
HaploPool is based on a combination of a perfect phylogeny model, together with the EM algorithm
on subsets of the SNPs. Using HaploPool, we study the trade-oﬀ between DNA pooling and the ac-
curacy of haplotype frequency estimation. We show that the accuracy of frequency estimates obtained
by HaploPool on a set of n DNA pools of two individuals each, is roughly the same as the accuracy
of the frequency estimates reported by PHASE when applied to a set of 1.45n genotypes from the same
population.
We compared our algorithm to three state of the art haplotype frequency estimation programs.
HaploPool is consistently more eﬃcient and more accurate than previous methods on pooled data, and
its accuracy on approaches the accuracy of PHASE on genotype data.
Human genetic variation is key to understanding complex hereditary diseases. Most of this variation can
be characterized by single nucleotide polymorphisms (SNPs), which are evidence of mutations that occurred
once in history and then were passed on through heredity. Recent progress in technology for high-throughput
SNP genotyping provides an opportunity to understand the genetic basis of complex disease through whole
genome association studies. In these studies, hundreds of thousands of SNPs are genotyped for two sets of
individuals (cases and controls), and discrepancies between the SNP-allele distributions serve as evidence for
the association of a genetic region with the disease.
Unfortunately, the advance in high-throughput genotyping is a mixed blessing. Since more SNPs can be
genotyped for a given cost, more individuals are needed for genotyping in order to overcome the loss of power
due to multiple hypothesis testing. In particular, to ﬁnd the etiology of complex disease, association studies
need thousands of individuals. With today’s genotyping costs, a well-powered whole genome association
study may cost millions of dollars. Finding new ways of reducing the burden of genotyping is critical for
larger and more rigorous association studies.
One step in this direction is the use of haplotypes. The rationale for this strategy is based on the fact
that SNPs in close physical proximity to each other are often correlated (in Linkage Disequilibrium), and
the variation of the haplotype (sequence of alleles in contiguous SNP sites along a chromosomal region) is
known to be of limited diversity. Therefore, haplotypes give evidence for the presence of SNPs that have not
been genotyped in the study [3]. In particular, the identiﬁcation and analysis of haplotypes [2], is currently
playing a key role in trait and disease associations studies [6].
Another natural strategy for the reduction of genotyping costs is the use of pooled DNA. Some tech-
nologies are able to determine the SNP-allele frequencies with high precision in pooled samples, thereby
replacing many individual genotype measurements with one consolidated analysis. These technologies ex-
tract the DNA from a pool of individuals using approximately equal amounts of DNA from each individual.
∗Computer Science Department, UC Berkeley
†International Computer Science Institute (ICSI), Berkeley, CA
‡International Computer Science Institute (ICSI), Berkeley, CA
§Corresponding author. International Computer Science Institute, 1947 Center St., Suite 600, Berkeley, CA, USA. Email:
heran@icsi.berkeley.edu. Phone: +(510)-666-2952. Fax: (510)-666-2956.
1This bulked DNA is then genotyped and the frequency of an allele in each position is given. Therefore, for
pools of size k, the cost of genotyping is reduced by a factor of k.
DNA pools are not without caveats. First, DNA pools lose the information of the individual genotypes,
and hence they lose the haplotype information. Second, the error rate for DNA pools is quite high, and in
practice the exact determination of the allele frequency of a large DNA pool is infeasible. For this reason,
DNA pools are currently used in association studies as a screening procedure. The cases and the controls
are pooled separately. SNPs for which there is a large discrepancy between the pool allele frequencies in
the cases and the controls are individually genotyped in a validation stage. Unfortunately, the screening
procedure has the inherent problem of losing the haplotype information. Furthermore, inaccuracies in the
allele frequency estimations from the DNA pools result in a large number of false positives carried along to
the validation stage.
Here, we suggest a middle ground, where pools of a small number of individuals are used (two or three
individuals per pool). We show that a careful analysis of small DNA pools reveals information about
haplotypes. We leverage on the fact that the error rate for DNA pools of two individuals is comparable to
the individual genotyping error rate [1]. We introduce a method, HaploPool, which estimates the haplotype
frequencies from a set of n DNA pools of k samples each (a total of nk individuals). We compare these
estimates to the haplotype frequencies estimated by the widely used phasing method PHASE [7] on a set of
genotypes. We demonstrate that the accuracy of HaploPool’s estimates from n genotyping experiments
(i.e., n DNA pools), is similar to the accuracy achieved by PHASE when estimating the frequencies from
1.45n individual genotypes. Thus, we eﬀectively save 45% of the budget to get the same accuracy of haplotype
frequency estimates.
The use of DNA pools of small numbers of individuals has already been suggested in two previous
works [4, 5]. In both cases, the expectation-maximization (EM) algorithm was suggested to infer haplotype
frequencies from DNA pools of a small number of individuals. Our method is diﬀerent from previous methods
in a number of points. First, as opposed to previous methods, our algorithm incorporates a perfect phylogeny
model, which helps to increase the accuracy and eﬃciency at the same time. Second, we make use of an EM
algorithm for small subsets of the SNPs, thus getting partial solutions, which we combine into one global
solution using linear regression. Finally, we compared HaploPool to previous methods and found that our
method is more accurate, much more eﬃcient, and capable of dealing well with missing data and genotyping
errors.
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